Otoacoustic emissions and behavioral hearing thresholds were measured before and after exposure to a 10-min, 105-dB SPL, half-octave band of noise centered at 1.414 kHz. Along a single recovery function, transient-evoked otoacousticemission (TEOAE) measurements made with 74-dB pSPL nonlinear click ensembles were alternated with a Bekesy threshold-tracking procedure. Each of the 14 participants with normal hearing underwent 2 hour-long temporary-threshold shift (TTS) sessions as well as 2 pretest sessions and a posttest session. The Bekesy test frequency was fixed at 2.0 kHz, whereas emissions were analyzed in halfoctave bandwidths with center frequencies ranging from 0.707 to 5.656 kHz. Results showed that (a) the maximum temporary emission shifts (TES) were half to 1 octave above the exposure frequency; (b) the 4.7-dB average temporary emission shift magnitude at approximately 2 min postexposure was less than half of the 11.7-dB average TTS; (c) the average recovery times for emissions and hearing thresholds were similar (188 vs. 186 min); and (d) the average TTS magnitude along the recovery function was predictable from TES magnitude. It is concluded that both TEOAEs and Bekesy thresholds reveal the same aspects of postexposure inner-ear changes. O toacoustic emissions (OAEs) provide objective information about the functional integrity of the outer hair cells (e.g., Brownell, 1990; Kemp, 1982; Probst, Lonsbury-Martin, & Martin, 1991 ) and may therefore be particularly useful for assessing damage caused by acoustic overexposure. Although OAEs certainly cannot be used to accurately estimate absolute audiometric thresholds (e.g., Kemp, 1997) , they may be useful to detect audiometric threshold changes from noise exposure. These changes may be permanent (i.e., noise-induced permanent threshold shift; NIPTS) or reversible (i.e., noise-induced temporary threshold shift; NITTS). The relation of changes in emission amplitude to changes in hearing threshold from noise exposure in humans has not been delineated. Most studies on humans use TTS due to its being amenable to study in the laboratory. Kemp (1982) , using 2 participants, and Zwicker (1983), using 1 participant, first pointed out general similarities in the characteristics (frequency specificity and time course of recovery) of TTS and temporary emission shifts (TES) in humans using transient-evoked otoacoustic emissions (TEOAEs). Both studies measured TTS as well as TES, with TTS measured on one occasion and TES on another.
O toacoustic emissions (OAEs) provide objective information about the functional integrity of the outer hair cells (e.g., Brownell, 1990; Kemp, 1982; Probst, Lonsbury-Martin, & Martin, 1991) and may therefore be particularly useful for assessing damage caused by acoustic overexposure. Although OAEs certainly cannot be used to accurately estimate absolute audiometric thresholds (e.g., Kemp, 1997) , they may be useful to detect audiometric threshold changes from noise exposure. These changes may be permanent (i.e., noise-induced permanent threshold shift; NIPTS) or reversible (i.e., noise-induced temporary threshold shift; NITTS). The relation of changes in emission amplitude to changes in hearing threshold from noise exposure in humans has not been delineated. Most studies on humans use TTS due to its being amenable to study in the laboratory. Kemp (1982) , using 2 participants, and Zwicker (1983) , using 1 participant, first pointed out general similarities in the characteristics (frequency specificity and time course of recovery) of TTS and temporary emission shifts (TES) in humans using transient-evoked otoacoustic emissions (TEOAEs). Both studies measured TTS as well as TES, with TTS measured on one occasion and TES on another.
Recent attention has focused on more extensive measurements of TES using distortion-product otoacoustic emissions (DPOAEs; e.g., Engdahl, 1996; Engdahl & Kemp, 1996; Sutton, Lonsbury-Martin, Martin, & Whitehead, 1994) . Sutton et al. (1994) measured TTS as well as TES for 4 of their participants, 2 of whom had relatively large amounts of TES, whereas the other 2 had smaller amounts of TES. The TTS and TES were measured on separate occasions. Both participants with the largest TES also showed the largest TTS. Engdahl compared TTS and TES to the same exposure for 8 participants, interspersing the postexposure TES measurements between two postexposure Bekesy measurements, and found a weak correlation between TES and TTS.
Because the amount of TTS may vary considerably across multiple exposures to the same stimulus (Lindgren & Axelsson, 1986) , measuring TTS to one exposure and TES to another exposure (Engdahl & Kemp, 1996; Kemp, 1982; Sutton et al., 1994; Zwicker, 1982) may underestimate the relationship between TTS and TES. Similarly, measuring a few TTS points at the beginning and end of a recovery function and comparing them to TES points throughout the remainder (middle portion) or the recovery function, with different earphones for the two measurements (as in Engdahl, 1996) may underestimate the relationship between TTS and TES. To overcome these limitations, in the present study TES and TTS were interleaved along the same recovery function in order to directly compare TES and TTS in 14 participants. TTS was measured only at a single frequency, 2.0 kHz, due to the time required for each behavioral threshold measurement. TEOAEs were collected across a span of frequencies because the click is a broadband stimulus that produces a broadband response.
Method Participants
The 14 volunteer participants (11 women; 3 men; ages 19-49; M = 30.9 years) all had normal hearing, normal middle-ear function as measured with acousticimmittance testing (tympanograms and acoustic-reflex thresholds), reliable Bekesy thresholds, and TEOAEs in the 2-kHz region at signal-to-noise ratios (SNRs) sufficiently high that emission shifts could be measured while remaining above the noise floor. Specifically, hearing thresholds were within 10 dB HL (ANSI, 1996) at 1.0, 1.5, 2.0, 3.0, and 4.0 kHz. TEOAE SNRs at the halfoctave band centered at 2 kHz were required to be >8 dB. For these ears, the SNRs ranged from 10 to 27 dB (M = 16.2 dB; Otodynamics ILO88 nonlinear click stimulus at 74 dB pSPL for 75 s). For hearing thresholds using a Bekesy test procedure, the standard deviation of repeated thresholds across 10 threshold measurements was required to be <3 dB. No potential participants were disqualified based on this latter criterion.
Stimuli
All stimuli were delivered through the same Otodynamics ILO92 DPOAE probe, which was covered by an acoustic-immittance probe tip that had been enlarged with a grinding tool. Computer-controlled switching allowed alternation between inputs to the probe from the emission stimulus to the narrow-band noise used to produce the temporary threshold shift or the pure tone used for Bekesy thresholds. The emission click stimulus was generated and controlled by the Otodynamics system (ILO92 hardware with ILO88 software, version 4.22A). The narrow-band noise for the noise exposure and the pure tone for Bekesy measurements were generated and controlled by Tucker-Davis Technologies equipment (waveform generator for the tone and noise, two programmable attenuators to control stimulus levels, and two programmable filters to shape the noise) and an amplifier (Crown D-75).
Noise
The exposure noise was a half-octave band (filtered with a slope of 60 dB per octave) centered at 1414 Hz (i.e., half octave below 2.0 kHz, in order to target 2.0 kHz for the expected maximal shift). The duration was 10 min. For two pretest sessions, the overall level of the noise was 60 dB SPL. For the two exposure sessions, the level was 105 dB SPL. This exposure was chosen because others (Lindgren & Axelsson, 1986; Miyakita, Hellstrom, Frimanson, & Axelsson, 1992) have produced 10-15-dB TTS with narrow-band noise at this level at a slightly higher frequency.
Bekesy Test
Hearing thresholds were measured with a Bekesy procedure. The stimulus was a 2.0 kHz tone (5-ms cos 2 rise-fall time) presented for 250 ms with a 250-ms intertone interval. The tone began at 20 dB SPL and tracked adaptively with a 2-dB step size. The tone was presented 80 times per track. Threshold was the average of an even number of reversals within the last 65 tone presentations. The threshold measurement was completed in approximately 40 s.
TEOAEs
A nonlinear-click ensemble of 4 clicks, 1 of which is opposite in polarity and three times the amplitude of the other 3 clicks, was presented at 74 dB pSPL in the Quickscreen mode. The duration of each TEOAE test was 71 s. The evoking stimulus consisted of 80-µs rectangular pulses presented at a rate of 80/s. Windowing
Journal of Speech, Language, and Hearing Research and filtering of the waveforms were done with ILO88 software. The ILO88 system initially band-pass filters all waveforms as data are collected. The filter characteristics are a second-order high-pass filter set at 330 Hz and a fourth-order low-pass filter set at 10.6 kHz (Ravazzani, Tognola, & Grandori, 1996) . A window from 2.5 ms to 20.48 ms was applied to the time waveform, and the averages were 0.683-6.103 kHz band-pass filtered (second-order digital filter). The TEOAEs were further analyzed in half-octave bands centered at .707, 1.0, 1.414, 2.0, 2.828, and 4.0 kHz, and only those bands with signal-to-noise ratios >0 dB were considered for further analysis.
Calibration
Calibration of each stimulus in the external ear canal occurred at the beginning of each test session. The initial probe fit was done with the ILO92 checkfit program, and every effort was made to obtain a flat stimulus spectrum in the ear canal with no significant ringing in the waveform. Next, calibration of a 2.0-kHz tone was done at 70 dB SPL. If the sound pressure in the ear canal was absolutely flat, the exposure-noise level could be obtained from the pure-tone level. However, because it was not always possible to obtain a perfectly flat earcanal response, the exposure-noise level was checked at 60 dB SPL. Adjustments to the noise level of 1-2 dB often were made; these were always in the direction of attenuating the noise further. This calibration procedure allowed very precise measurement of the stimulus levels for each individual ear.
Test Sessions
Participants were tested in six test sessions. At the beginning of each test session, middle-ear pressure was measured (GSI33 middle-ear analyzer) and required to be in the range of -30 to +15 daPa in order for the test session to commence. The first session was primarily a screening-test day to determine whether the participant met the criteria for the study, but practice for the Bekesy test procedure also was given. The second and third test sessions were pretest days. The fourth and fifth test sessions were exposure days. The pretest days (second and third session) and exposure days (fourth and fifth session) were essentially the same except that the exposure was 60 dB SPL on pretest days and 105 dB SPL on exposure days. The sixth session was a posttest session to document that hearing thresholds and emission amplitudes had returned to pretest levels. All hearing and emission testing took place in a double-walled, soundattenuating chamber (Industrial Acoustics Company, Inc.), with noise levels below the maximum permissible ambient noise levels for threshold testing according to ANSI, 1991. 
Daily Procedures

Screening Day
Audiometric thresholds were measured using standard manual audiometric threshold techniques (ANSI, 1978) along with acoustic-immitance measurements for middle-ear function. TEOAEs were measured at 74 dB pSPL, and, if the SNR criterion was met, synchronized spontaneous otoacoustic emissions (SOAEs) also were measured using the standard ILO92 method. Finally, practice was given with the Bekesy test procedure. On each day, middle-ear pressure was measured to determine that the participant met the criterion. If middleear pressure was not between -30 and +15 daPa of ambient pressure, the participant was rescheduled. If the middle-ear pressure criterion was met, the participant was seated in a sound-attenuating booth for a test session lasting approximately 80 minutes. The probe was fit in the ear once at the beginning of a session, and the ear-canal volume was recorded. If the participant had SOAEs (as determined on the screening day), SOAEs were measured. The signal levels were calibrated for the tone, the noise, and the emission stimuli. The timing of the rest of the test session is illustrated in Figure 1 . Two pairs of baseline emission and Bekesy measurements were made. Next were 10 min of noise exposure (either 60 dB or 105 dB SPL). Then pairs of Bekesy and emission tests were begun at 1 min postexposure and were repeated out to 66 min postexposure. The pairs were alternated continuously for 17 min postexposure, and then two sets of Bekesy-emission pairs were begun at 23, 31, 47, 55, and 63 min postexposure. In order to attempt to insure that the participant was alert for the Bekesy test throughout the session, a bright light in the test booth was flashed prior to each Bekesy test and kept on during the test. For the measurements toward the end of the session, the experimenter also verbally alerted the participant via an intercom. At the end of the session, the probe fit was rechecked. Ear-canal volume was noted, and a printout of stimulus waveform and spectrum was obtained. These were kept for reference purposes in case data throughout a test session appeared aberrant. The probe slipped only on a few participants and only for pretest sessions. This was apparent from the probe-fit information, from abrupt changes in the data values, and from participant report during the test session. The values after the probe slippage were omitted from the pretest variability calculations.
Pretest and Exposure Days
In order to begin the test session on the second exposure day, the participants not only had to have normal middle-ear pressure, but also were required to have recovered from the previous day's exposure. The criterion for recovery included both Bekesy thresholds at 2.0 kHz and emission amplitudes for the 1.414-, 2.0-, and 2.828-kHz bands. For each participant, means and standard deviations of the repeated thresholds (Bekesy) or amplitudes (emission) were calculated across all measurements on each of the 2 pretest days. The means and standard deviations then were averaged across the 2 days, and the participant was required to have Bekesy thresholds and emission amplitudes within 2 standard deviations of the pretest day for subsequent testing to take place. The standard deviations for individual participants ranged from 1.0 to 1.9 dB for the Bekesy measurements and from 0.3 to 1.1 dB for the TEOAE measurements. This criterion also was used to determine whether recovery had taken place on the posttest day. For all 28 exposures (two for each of the 14 participants), there was only 1 participant that did not evidence a recovery on the next day. For this participant, following the first exposure, the Bekesy threshold had recovered, but the emission amplitude had not. The second exposure therefore was rescheduled for another day. Recovery from the second exposure for this participant was complete by the next day.
On the first pretest day, an input-output function for emissions (emission amplitude as a function of evoking-stimulus level) also was measured using 62-, 68-, 74-, and 80-dB pSPL stimulus levels. The input-output function allowed us to determine whether the size of the emission-amplitude reduction following noise exposure was consistent with attenuating the input signal (as measured by the size of the TTS).
Data Analysis
Reliability
The two pretest sessions, each occurring on a separate day, were used to calculate within-day and acrossday reliability. Within-day reliability is the average intrasubject standard deviation for all the 20 tests within each pretest session. It was calculated by first computing the standard deviation across all tests on each day separately for each participant, and then averaging across all participants and days. Across-day variability is the SE meas , calculated by pairing all tests (either Bekesy thresholds or TEOAE amplitudes) across the 2 pretest days. As a result, there were 20 pairs for each participant (Test 1 on Day 1 paired with Test 1 on Day 2; Test 2 on Day 1 paired with Test 2 on Day 2, etc.) and a total of 14 participants, resulting in 280 pairs of numbers in the calculation.
TTS/TES
TTS and TES are losses of hearing sensitivity and EOAE magnitude, respectively, that recover over time. To measure the amount of shift, a baseline must be established. On each exposure day, the baseline was the average of two preexposure tests. This value was normalized to 0 dB so that all plots would depict the amount of shift.
Curve-Fitting to the Postexposure Data
Postexposure data were fit with a least-squares fit to all the postexposure Bekesy thresholds or TEOAE amplitudes as a function of logarithmic time, as has traditionally been done for TTS data. Each participant's data were fit for each exposure day. If the TTS or TES was small, sometimes the slope was quite shallow, and the value for the recovery time was exceptionally long. These aberrant results appeared to be caused by problems with fitting data of this sort, rather than being caused by any truly long recovery time. Therefore, we did not average slopes and recovery times across participants. Instead we averaged the postexposure data across participants and fit the average data. 
Approach to Missing Data on Exposure Days
A three-stage process was used to deal with TEOAE amplitudes below the noise floor on exposure days. First, were there sufficient TEOAE amplitudes >0 dB SNR within the test session to include the recovery function in the data analysis? The entire session was omitted if any of these conditions occurred: responses to both of the two preexposure baseline tests were below the noise floor, more than half of all postexposure tests were below the noise floor, or more than half of the first postexposure tests were below the noise floor. No test sessions were rejected at 2.0 kHz using these criteria, but some test sessions at other frequencies were. Second, for individual tests within a session having amplitudes ≤0 dB SNR, what was the amplitude estimate using interpolation from adjacent tests? For a baseline preexposure measurement, the other preexposure measurement was used. For the first postexposure measurement, the next postexposure measurement that was above its own noise floor was used. Similarly, for the last postexposure test, the nearest earlier single measurement that was above its own noise floor was used. For all other problematic postexposure tests (i.e., those not at the beginning or end of the recovery function), the nearest two tests with >0 dB SNR before and after the problematic test were averaged. Third, should the estimated TEOAE value be the interpolated value from the previous step or should it be the level of the noise floor? If the interpolated value was below the current test's noise floor, then the interpolated value was used. (The rationale was to cover the instances for which the TEOAE amplitude was unchanged but the noise floor was high.) If the interpolated value was above the current test's noise floor, then the noise floor was substituted. (The rationale was to cover the instances for which the noise floor was unchanged, but the TEOAE amplitude had decreased below it. Use of the noise floor in these cases may have been a slight overestimate of the TEOAE amplitude but probably not too much because a single TEOAE amplitude was not expected to be extremely deviant from its neighbors.) At 2.0 kHz, only 1% of the data points were substituted or interpolated. These results are shown in Table 1 , together with the results for other frequencies.
Results
Reliability of Bekesy Thresholds and TEOAE Amplitudes
To detect shifts from noise exposure, it is important to have stable test results in the absence of TTS or TES. Pretest results were quite stable, both for Bekesy thresholds and for emissions. Figures 2 and 3 show pretest results for Bekesy thresholds and emission amplitudes (in a half-octave band centered at 2.0 kHz), respectively, for 1 participant (identified as CSR). Both graphs depict the amount of shift as a function of exposure time (albeit scaled for different y-axis ranges). Because the 10-min noise exposure on the pretest days is at 60 dB SPL, no shift is expected to occur. The parameter on the graphs is day of testing, with open circles depicting the first pretest session and solid circles the second session. The first 2 data points on the left of the graph are relative to the average of the two preexposure tests (i.e., the normalized pretest amplitude). Any departure of posttest data from 0 dB is a shift from baseline. The postexposure solid line is a linear leastsquares fit to all the postexposure data in decibels as a function of logarithmic time from both pretest sessions. The amplitude of the TEOAEs remained relatively stable across the entire session. The fitted line for the Bekesy test shows that the measured pure-tone sensitivity appeared to decrease throughout the test session.
An objective measure of whether TEOAEs and Bekesy thresholds increase or decrease throughout a pretest session is represented by the slope. If there are no consistent trends, the slope is zero. For the TEOAE tests, the average slope for each of the two pretest sessions was 0.03 and -0.04 dB/log(min). A repeated-measures ANOVA showed that the grand mean of the slopes was not significantly different from zero [F(1, 12) = 0.0, p = 0.99], nor were the two sessions (within-subject factor) significantly different from each other [F(1,12) = 0.14, p = 0.71]. For the Bekesy thresholds, the average slope for each of the two pretest sessions was 0.64 and 0.80 dB/log(min) (thresholds increasing throughout the test sessions). The Bekesy slopes also were not significantly Figure 2 , the group data essentially were stable throughout the test session.
Both within-day and across-day pretest reliability for TEOAEs and Bekesy thresholds was excellent. Bekesy within-session and across-session reliability was 1.4 and 1.8 dB, respectively. At the 2.0-kHz center frequency, the TEOAE within-session and across-session reliability was 0.7 and 1.0 dB, respectively. Marshall and Heller (1996) found similar across-session reliability. In the present study, Bekesy and TEOAE reliability at the 2.0-kHz center frequency (within-day standard deviations) were unrelated (r = -0.04).
In summary, the data show good reliability for the group of participants, both within and across the pretest sessions, as evidenced by the within-session and across-session standard deviations. Although the TEOAEs remained stable across the session, the Bekesy thresholds for some participants increased across the session, which could mask a recovery from noise exposure. For the group, however, this effect was small and nonsignificant.
No participant showed poor reliability within a test session. The largest intrasubject standard deviation for a single test session was 2.5 dB for the Bekesy thresholds and 1.2 dB for the TEOAEs. The largest single postexposure deviation from the average of the two preexposure baseline measurements was 7 dB for the Bekesy threshold and 5 dB for the TEOAE test, across all 588 pretest measurements. Although this still is relatively good reliability, the fact that a single data point in the absence of any noise exposure can be this deviant illustrates the importance of measuring an entire recovery function.
TTS and TES at 2.0 kHz
The frequency of the maximum TES at approximately 2 minutes postexposure was a half octave to 1 octave above the center frequency of the exposure noise for individual participants (i.e., at either 2.0 or 2.828 kHz). Because the average TES was maximal at a half octave above the exposure frequency (i.e., 2.0 kHz) and the Bekesy test frequency was 2.0 kHz, the focus of the TES data analyses was at 2.0 kHz.
Overall, individual data were quite similar to the group data. In this section, individual recovery functions for TTS and TES first are portrayed. Subsequently, recovery functions for the group data are shown, and the prediction of TTS from TES is discussed, both for group and individual data. Finally, although TTS and TES are not the same magnitude, the similarity of their recovery time is noted.
TTS and TES are shown in Figures 4 and 5 , respectively, for the same participant shown in Figures 2 and  3 . This participant is representative of the others except for exhibiting the largest TTS. The magnitude of the TTS following the exposure was around 19.5 dB on both days, which was greater than the average 11.7 shift for the group. The TES was approximately 6.8 dB, which was larger than the 4.7-dB group average.
The solid line provided a good fit for the TTS data for this participant as well as the other participants. The r 2 values for the fit to the TTS recovery function for each day for this participant were 0.96 and 0.90 for the first and second exposure days, respectively. The median r 2 across all participants and days was 0.81. For TES, however, the first postexposure measurement showed an amplitude shift that was too large to be captured by the fit. This phenomenon frequently was seen for other participants as well (irrespective of test order). Otherwise, the fit was good. The r 2 values for the fit for each day for this participant were 0.81 and 0.80 for the first and second exposure days, respectively. The average r 2 was 0.68.
From inspection of the linear fits (in log time) for individual participants on each exposure day, the deviations from the fits do seem to be systematic, more so for TES 1 The across-day SE meas reported in the table includes both within-day and across-day variability. An estimate of across-day variability alone was obtained by the SE meas for the participants' means, which was calculated by averaging each participant's Bekesy thresholds (or TEOAE amplitudes) across the entire test day and then calculating the SE meas between Day 1 and Day 2, using the 14 pairs of numbers (one for each of the 14 participants). The SE meas for the participants' means were 1.18 for the Bekesy, and 1.15, 1.60, 1.19, 1.04, 1.29, 1.84, and 1.93 for the TEOAEs at 0.707, 1.0, 1.414, 2.0, 2.828, 4.0, and 5.656 kHz CFs, respectively. For the Bekesy thresholds, the across-day variability was smaller than the within-day variability, which may reflect the difficulty in performing Bekesy threshold procedures in a single session over a time period of more than an hour. The reverse was true for TEOAEs-the across-day variability generally was larger than the within-day variability. Note. The Bekesy threshold was at 2.0 kHz. The TEOAEs were analyzed in half-octave bandwidths. Within-session reliability is the average (across days and participants) intrasubject standard deviation for a single session. Across-session reliability is the SE meas pairing the measurement at each point in time between the two pretest sessions for each participant.
than for TTS. We think that it is premature to speculate as to whether this discrepancy has implications for the similarity of underlying recovery mechanisms for TTS and TES. We explored different fits for the TES recovery function, but three parameters are required to obtain a good fit, and these parameters would not relate to the TTS linear (in log time) fits of the present study, nor would they relate to the rest of the TTS literature. As the deviations appear to be small, we thought it best to apply the linear (in log time) fits to both our TTS and TES recovery functions.
In this participant, as for most others, the size of the TTS and TES was fairly consistent across the 2 exposure days. Specifically, the TTS for Day 1 and Day 2 was 19.5 and 19.6 dB, respectively, whereas TES was 6.9 and 6.6 dB.
By the end of the session, neither the TTS nor the TES had returned completely to the preexposure baseline (using the criterion for recovery that was explained in the methods section). This also was a common finding across participants. The measurements had returned to the pretest baseline by the next day, however. This general pattern of emission and threshold recovery was similar across all the participants.
Order effects were evaluated for both test order (2 groups, one with the test order TEOAE followed by Bekesy in the test pair, and the other with the reverse order) and for test day (2 exposure days). A two-way analysis of variance (ANOVA) test, with one of the measures (day) being a repeated measure, used the first postexposure data point at TTS 2 (from the fit to the data). A separate ANOVA of this type was done for the 2.0-kHz Bekesy TTS 2 , 2.0-kHz TEOAE TES 2 , and 2.8-kHz TEOAE TES 2 . ANOVAs also were completed for the slope of the recovery function for the Bekesy threshold and for the slopes of both the 2.0-and 2.8-kHz TEOAE recovery functions. The main effects of group and day were not significant (p ≤ 0.05) for any of these six ANOVAs.
2 Over all of these tests, there was one significant twoway interaction, which appeared to be spurious. Therefore, the data were collapsed across test order and day. standard deviation (from the average across participants). The initial shift for the TTS was 11.7 dB, which recovered to within 2.6 dB of the baseline by the end of the session. The initial TES was 4.7 dB, which recovered to 1.1 dB by the end of the session. Immediately after the exposure, there was more variability in the amount of shift across ears than there was toward the end of the session for both TTS and TES. Figures 6 and 7 also show that the linear least-squares fit in dB versus log time was good for both the TTS and TES data (r 2 = 0.97 and 0.94 for TTS and TES, respectively).
Amount of Shift
Variability of the shifts within individuals across the 2 exposure days was small. The SE meas across the 2 days for the 14 participants at the first data point, approximately 2 minutes postexposure, was 1.9 dB for TTS and 1.3 dB for TES (only slightly larger than the 1.0 pretest SE meas shown in Table 1 ). Figure 8 shows the average TTS and TES plotted on the same graph. The triangles are the TEOAE amplitude shifts, and the circles are the Bekesy threshold shifts. It is clear that the form of the recovery function is very similar for TTS and TES. The primary difference is that the amount of TTS is about 2.5 times larger than TES.
To examine the predictability of TTS from TES, the average TTS is plotted directly against the average TES in Figure 9 . The large shifts were the ones immediately postexposure, and the smaller shifts occurred at greater postexposure times. If the TES is known, then the TTS can be predicted with excellent accuracy for group data. The solid line is a linear least-squares regression fit. The correlation was -0.98 (negative because the correlation is between an increase in hearing threshold and a decrease in OAE amplitude; df = 16; r 2 = 0.96). The SE est for this prediction is 0.54 dB. The 95% confidence interval in predicting TTS from TES from group data is 1.14 dB.
Whereas the predictability of TTS from TES was nearly this good for some of the individual recovery functions, in general the relationship between TTS and TES for a single recovery function from an individual participant was noisier. The mean SE est (across 28 TTS recovery functions with 18 postexposure tests times in each regression) was 2.0 dB with a range from 0.71 to 3.94 dB. Theoretically, given the pretest variability of the Bekesy thresholds and of the TEOAEs, the smallest obtainable SE est is 2.2 dB.
3 Thus, the actual prediction essentially was explained by the inherent variability of the Bekesy and TEOAE measurements. Predicting a single Bekesy threshold from a single TEOAE measurement (all 504 measurements in one analysis) resulted 3 The average standard deviation of Bekesy thresholds on pretest days was 1.37 dB. If this variability is due to random measurement error, then the prediction of Bekesy thresholds by the measurement of TES will be no better than this number. In fact, the SE est will be approximately the square root of the sum of the variance due to measurement error in TTS and in TES. The contribution of TES measurement error is estimated by translating the 0.68-dB standard deviation on pretest days into errors in predicted Bekesy thresholds. Thus, the standard deviation is multiplied by the slope of the average function relating Bekesy thresholds to TEOAE amplitude changes within a test session (2.64). This slope itself contributes relatively little error (having an r of 0.98) to the estimate. Therefore the standard deviation about the predicted function would be approximately SQRT [(1.37) 2 + (2.64 * 0.68) 2 ] = 2.24 dB.
Figure 7.
Average TEOAE amplitudes at a half-octave band centered at 2.0 kHz for the group of 14 participants throughout an exposure session (105 dB SPL). The first 2 data points are preexposure amplitudes. The remaining data points are postexposure amplitudes. All amplitudes are normalized relative to the 2 preexposure data points. The error bars are ±1 standard deviation. The solid line is a linear leastsquares fit to all the postexposure amplitudes in dB as a function of logarithmic time.
in somewhat greater variability, a 3.42-dB SE est . The largest errors in predicting any one TTS from its corresponding TES were approximately 12 dB and were caused by a single participant who occasionally produced aberrantly high Bekesy thresholds. Because of such anomalies in behavioral tests, a perfect correlation of TES and TTS cannot be expected. For this individual, the TEOAEs seemed to be a better estimate of inner-ear function than was the Bekesy threshold measurement.
Recovery
Measures of slope and recovery time were obtained from the recovery functions fit to the average postexposure data (as depicted in Figure 8 ). The slope of the recovery function of the emissions was less than half as steep as the slope of the recovery function of the behavioral thresholds [2.1 vs. 5.6 dB/log(min)] because the emission shift was not as large as the behavioralthreshold shift. Consistent with previous studies of TTS, the behavioral recovery slope was predictable from the amounts of TTS 2 , r 2 = 0.79 (correlation of the 24 Bekesy recovery slopes with associated TTS 2 ). Similarly, the emission recovery slope was predictable from TES 2 , r 2 = 0.79. Entirely predictable from (a) the size of the TTS and TES and (b) the slopes of the recovery functions, the recovery times (from the average function) for emissions and hearing thresholds were similar (188 vs. 186 min).
TES Across Frequency
Although emission shifts generally were maximal in the 2.0-kHz frequency region, it was also of interest to know the extent of the TES across frequency. Measuring several frequencies postexposure is especially important because the maximum TTS may be at a frequency other than the one being measured. For example, 1 participant showed no TTS at 2.0 kHz. The maximal TES was above 2.0 kHz, in the 3.0-to 4.0-kHz region. This participant was given an additional exposure day, except that the Bekesy threshold was measured at 3.0 kHz. The TTS magnitude at this frequency was 12.3 dB. Figure 10 shows the average TES across frequency as a function of recovery time. The TES was broad in frequency, extending from 1.0 to 6.0 kHz. At approximately 2 minutes postexposure, the TES magnitude (a negative number represents a decrease in amplitude) was 0.4, -0.9, -3.1, -4.7, -3.4, -2.4 , and -1.9 dB for CFs of .707, 1.0, 1.414, 2.0, 2.828, 4.0, and 5.656 kHz respectively. The largest shift, as expected, was centered around 2.0 kHz, and congruently, the TES in the 2.0-to 3.0-kHz region was the slowest to recover.
Individual ears differed in the extent to which their TES extended across frequency. Examples of a broad and a narrow TES bandwidth, each from a different participant, are shown in Figure 11 . The broad TES The number of half-octave bands comprising the TES shift as a function of recovery time is shown in Figure 12 . The data were averaged across individual recovery functions. A shift was defined as a change in amplitude greater than 2 standard deviations (relative to the average intrasubject pretest standard deviation at each frequency). Ears with data below the noise floor were omitted from the analysis at that frequency (which mostly occurred in the lowest and highest frequency band). The solid line is a linear least-squares fit to the shift in dB as a function of logarithmic time. The average initial shift was across approximately four half-octave bands, and, by the end of the session, narrowed to 1 or 2 bands. There was considerable variance across ears, and although the correlation of the number of halfoctave bands with the magnitude of the TES was significant [F(1, 26) = 6.85, p = 0.01], it was not very large in magnitude, r = 0.46.
Discussion
The magnitude of TTS was approximately 2.5 times larger than TES for the group. The difference in magnitude can be explained by viewing TES as an attenuation of the input stimulus, as suggested by Kemp (1982) . Because the average slope of the pretest input-output (I-O) function relating input stimulus level in dB to TEOAE response in dB was 0.44, the magnitude of TES relative to TTS found in this study is quite reasonable. However, individual differences in TTS/TES ratio could not be explained by individual differences in the underlying I-O function. This seemed to be due to poor day-to-day individual reliability in the slope relating TES to TTS.
The general pattern of TES and TTS for the individuals was similar to the pattern shown for the group data. The characteristics were that postexposure recovery was well described by a linear least-squares fit of threshold shift (for TTS) or amplitude change (for TES) in dB as a function of logarithmic time for both the individual and group data, and greater losses recovered more rapidly. Ward, Glorig, and Sklar (1959) found a similar linear-in-log time recovery for TTS in humans, and Sutton et al. (1994) and Engdahl (1996) observed this relationship for DPOAE recovery.
The size of the TTS and the TES at the first postexposure measurement point was repeatable within individuals. TTS variability (SE meas = 1.9 dB ) was smaller than was reported by Lindgren and Axelsson (1986) for a similar exposure (4.0 dB at 3.0 kHz). Our test-retest variability for the pretest thresholds also was considerably smaller (1.8 dB in our study versus 3.1 dB in Lindgren and Axelsson's). The reason for the difference is not obvious. The Bekesy procedure was implemented differently in the two studies, and our careful calibration of the SPL of all stimuli in the ear canal also may have been a contributing factor.
The size of the hearing-threshold shift (TTS 2 ) could be predicted quite accurately from the size of the emission-amplitude shift, within ±1.14 dB (95% confidence interval) for the group data. Therefore, TTS magnitude can be inferred from TES measurements using group data, at least for exposures similar to the one in this experiment. Furthermore, TTS and TES took the same amount of time to recover on average. Prediction of TTS 2 taken from individual recovery functions was quite accurate (95% confidence interval = ±6.72 dB), with its main limitation being the inherent variability of Bekesy and TEOAE tests. Prediction of individual data points was yet more variable (95% confidence interval = ±6.8 dB). The latter would be the clinical performance of the prediction, given that the measurement is made only once.
If one were to choose between measuring TEOAEs or Bekesy thresholds postexposure, there would be several considerations to weigh. There are two distinct advantages of TEOAEs. The first is that it is an objective, physiological test, unaffected by motivation, attention, and alertness (recall the trend of the pretest behavioral thresholds shown in Figure 2 , which may occur even in listeners with generally good performance). Because TTS can be inferred from TES, TEOAEs provide a good way to measure TTS. The prediction is stellar for group data and is reasonable for single measurements, as is the case for clinical situations. The second is that TEOAEs are superior in their ability to capture the dynamic characteristics of the postexposure recovery function with many frequencies being measured simultaneously. In slightly more than 1 minute, the emission amplitudes at seven half-octave frequencies could be measured simultaneously. The Bekesy threshold measurements at these same center frequencies would take nearly five minutes, and because the thresholds are measured sequentially, the dynamic characteristics of TTS across frequencies are more difficult to capture.
However, TEOAE measurements are not without problems. One problem is that TEOAEs cannot always be measured above the noise floor. This was not a problem in our study at 2.0 kHz because we preselected ears to have large SNRs at this frequency, but it could be a problem for other applications, especially if less than optimal frequencies were of interest or if individuals had preexisting hearing losses. Also, the larger magnitude of the TTS relative to TES means that exposures that produce only small amounts of TTS (<5 dB in our study and larger in studies with larger test/retest variability) may not show a measurable TES. These two factors are the primary limitations for clinical situations. Both factors also may explain the results of an earlier study (Kvaerner, Engdahl, Arnesen, & Mair, 1995) that measured shifts after a day of industrial noise exposure and found a small amount of TTS but no TES at the same frequency. However, a limitation of their study is that pure-tone thresholds were measured prior to the workday, and TEOAEs were measured during the first 40 min of the work shift, which could underestimate the TES. A third potential problem, at least with current commercial instrumentation, is that OAEs are susceptible to small changes in middle-ear pressure, even in the higher frequencies of most interest in monitoring noise exposure (e.g., Marshall, Heller, & Westhusin, 1997; Naeve, Margolis, Levine, & Fournier, 1993; Trine, Hirsch, & Margolis, 1993) .
For research situations, if only one measurement is used, Bekesy or TEOAE, an important consideration is which measurement provides the best detectability of the postexposure shift. Although the magnitude of the postexposure shift was greater for Bekesy thresholds than for TEOAEs, the test-retest reliability prior to the noise exposure was smaller for the TEOAEs than for the Bekesy thresholds. The trade-off between reliability and the magnitude of the emission/threshold shift can be evaluated by dividing the average shift for each participant (across the 2 exposure days) by that participant's pretest within-day standard deviation (averaged across the 2 pretest days; Marshall & Heller, 1996) . In the resulting "detection index," larger numbers indicate better ability to detect the postexposure shift, given the inherent variability of the measure. Across participants, the median was used rather than the mean because 2 participants had very small within-day standard deviations (0.24 and 0.32 dB) for the TEOAEs, which created quite large TES detection indices for these 2 participants (and a mean "detection index" across all participants of 16.3 for TES). The median "detection index" across participants was 6.6 for TES and 8.2 for TTS, indicating somewhat better detectability for Bekesy thresholds. If other "fast" psychophysical procedures were used to measure postexposure recovery instead of our implementation of the Bekesy procedure, the conclusion could be different, as it entirely depends on the reliability of the behavioral psychophysical procedure. For example, a yes-no single-interval maximum likelihood procedure has excellent reliability (Leek, Dubno, He, & Ahlstrom, 1998) , whereas the typical audiological test procedure, or some other implementation of the Bekesy procedure, may result in larger test-retest variability (see Marshall, Hanna, & Wilson, 1996) . Higher test-retest variability for a behavioral test could provide superior detection for TEOAEs.
Although the relationship of TTS and TES in the present study was orderly, these results might not generalize to other types of TTS (e.g., asymptotic TTS or TTS from high-level impulse noise) that may have different underlying mechanisms. The necessary data cannot be easily collected in humans. That would require capturing TTS and TES in field situations where these shifts occur naturally rather than inducing them experimentally.
The generalization of this study to permanent threshold shift (PTS) also is limited. In fact, some data
